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Identification of an Asymmetrically Localized
Determinant, Ash1p, Required for Lineage-Specific
Transcription of the Yeast HO Gene
Anita Sil and Ira Herskowitz two silent mating-type cassettes (reviewed by Herskow-
itz, 1988). HO transcription is limited to the late G1 phaseDepartment of Biochemistry and Biophysics
of haploid mother cells, does not occur indaughter cells,University of California, San Francisco
and is thought not to occur in spore cells (Breeden andSan Francisco, California 94143-0448
Nasmyth, 1987; Nasmyth, 1983, 1985). Ectopic expres-
sion of HO in daughter cells is sufficient to induce mat-
ing-type interconversion, confirming that the inability ofSummary
wild-type daughters to undergo mating-type switching
is due to their inability to transcribe HO (Jensen et al.,S. cerevisiae cells exhibit asymmetric determination
1983; Nasmyth, 1987).of cell fate. Cell division yields a mother cell, which is
At least ten proteins have been identified that regulatecompetent to transcribe the HO gene and switch mat-
HO transcription (reviewed by Herskowitz et al., 1992;ing type, and a daughter cell, which is not. We have
Nasmyth, 1993). The Swi4p±Swi6p complex has tenisolated a mutant in which daughters transcribe HO
binding sites in the URS2 segment of the HO upstreamand switch mating type. This mutation defines the
regulatory region; URS2 restricts HO transcription toASH1 gene (asymmetric synthesis of HO). Deletion and
late G1 (Figure 1B) (Nasmyth, 1985, 1987; Andrews andoverexpression of ASH1 cause reciprocal cell fate
Herskowitz, 1989). Swi5p, a zinc finger protein, binds totransformations: in ash1D strains, daughters switch
two sites within the URS1 segment of the HO upstreammating type as efficiently as mothers. Conversely,
regulatory region and is implicated in asymmetric regu-overexpression of ASH1 inhibits switching in mother
lation of HO transcription (Nasmyth, 1993; Nasmyth andcells. Ash1p has a zinc finger motif related to those
Shore, 1987; Tebb et al., 1993).of GATA transcriptional regulators. Ash1p is localized
Several lines of evidence (reviewed by Nasmyth, 1987,to the daughter nucleus in cells that have undergone
1993) indicate that SWI5 is limiting in wild-type daughternuclear division. Thus, Ash1p is a cell fate determinant
cells. First, perturbations in the timing of SWI5 transcrip-that is asymmetrically localized to the daughter nu-
tion allow mating-type switching in daughter cells. Al-cleus where it inhibits HO transcription.
though Swi5p is needed some time between anaphase
and late G1 for HO transcription, SWI5 is transcribed
Introduction only during the S, G2, and M phases of the previous cell
cycle (Nasmyth et al., 1987a). Constitutive expression
Asymmetric cell division is fundamental to development. of SWI5 allows daughters to switch (Nasmyth et al.,
The transformation from egg to organism involves multi- 1987a; Lydall et al., 1991). Similarly, alleles of SWI5 that
ple cell divisions that generate cells of specialized fate produce a stabilized protein allow daughters to switch
and function. The budding yeast Saccharomyces cere- mating type (Tebb et al., 1993). Finally, mutations that
visiae also exhibits asymmetric cell fate. In this case, allow HO transcription in the absence of SWI5 also per-
yeast cells display lineage-specific regulation of a ge- mit switching in daughters and spores as well as mother
netic rearrangement event known as mating-type cells (Nasmyth et al., 1987b; Sternberg et al., 1987).
switching (Strathern and Herskowitz, 1979). Although it was initially hypothesized that Swi5p might
Haploid yeast cells exhibit either a or a mating type; be asymmetrically distributed to the mother cell and
strains carrying the HO gene undergo mating-type absent from the daughter cell, Swi5p is localized to both
switching at high frequency and convert from a to a and mother and daughter nuclei after anaphase (Nasmyth
vice versa (Herskowitz, 1988; Nasmyth, 1993). Only cells et al., 1990). Thus, Swi5p is present in the daughter
that have budded previously (mother cells) exhibit the nucleus, but is limiting in terms of amount or activity.
ability to undergo mating-type interconversion; newly The temporal separation between entry of Swi5p into
born yeast cells (daughter cells) and spore cells are the nucleus at anaphase and transcription of HO in late
not capable of switching mating type (Strathern and G1 might provide a window of time in which Swi5p activ-
Herskowitz, 1979). Daughter cells and spore cells be- ity is modulated in daughters.
come mother cells once they have gone through one One attractive explanation for why Swi5p activates
cell division cycle; at that point, they acquire the ability HO transcription only in mother cells and not in daughter
to switch mating type. Thus, each cell division cycle of cells is the existence of an asymmetrically distributed
a daughter cell gives rise to a mother cell and to a regulator, for example, an activator of HO expression
newly born daughter cell (derived from the bud), thereby that localizes preferentially to the mother cell or an inhib-
producing two cells with different switching capabilities. itor of HO expression that localizes preferentially to the
The succession of daughter cells constitutes a stem cell daughter cell. To search for such a regulator, we
lineage (Figure 1A). screened for mutants in which daughter cells switch
Molecular studies have shown that the asymmetric mating type. Using a microcolony assay for mating-type
regulation of mating-type switching (mother/daughter switching, we isolated a mutant, ash1-1 (for asymmetric
regulation) results from asymmetric transcription of the synthesis of HO), with this behavior. Characterization of
HO gene (Nasmyth, 1983). HO codes for an endonucle- ASH1 and its gene product indicates that Ash1p is a
ase that initiates replacement of the information at the negative regulator of the HO gene that is asymmetrically
localized to daughter cells.mating-type locus with information copied from one of
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Figure 1. Mitotic Lineages of Yeast Cells Are Stem Cell Lineages
(A) A typical lineage of switching cells. The hatched cell that starts
the lineage is a spore cell (S). At each division, daughter cells (D)
are drawn to the right and mother cells (M) to the left. a Daughter
cells are shown by black circles. Daughter cells are not able to
switch mating type, but instead divide to yield a mother cell and a
new daughter; these daughter cells comprise a stem cell lineage.
a Mother cells are stippled. Mother cells switch mating type at a
frequency of 60%±80%. A switch from a to a is manifested by cell
cycle arrest and altered morphology in the presence of a factor.
(B) The HO promoter. The upstream regulatory region of HO contains
two segments, URS1 (21950 to 21000) and URS2 (2900 to 2150).
Swi5p has two binding sites in URS1 (Tebb et al., 1993), and Swi4±
Swi6p binds to ten sites in URS2 (Nasmyth, 1985, 1987; Andrews
and Herskowitz, 1989).
Figure 2. A Four-Shmoo Microcolony Indicates That Both Mother
and Daughter Cells Have Switched Mating Type
Results An HO ste3D strain (YAS131) was used to screen for mutants whose
daughters switch mating type. The strain was mutagenized, and
Isolation of a Mutant Defective in Mother/Daughter individual cells were then grown in the presence of a factor on agar
slabs. (A) shows the fate of a wild-type a daughter; (B) shows theRegulation of Mating-Type Switching
fate of a mutant a daughter. Lineages that begin as a mothers, aA mutant whose daughter cells switch mating type was
mothers, or a daughters are not shown. The a mothers and daugh-identified using a microcolony assay for mating-type
ters form microcolonies made up of one or two shmoos. If a mutantswitching. To isolate such a mutant, it was necessary
a daughter does not switch in its first division, it divides to yield an
to assay switching in vegetative haploid cells using a a mother and daughter. If both these cell switch in their next division,
special strain. Vegetative growth of wild-type HO cells four shmoos result. M, mother; D, daughter.
yields both a and a cells, which then mate to form an
a/a diploid that no longer expresses HO. In contrast, an
HO strain defective in the STE3 gene, which encodes A mutant defective in mother/daughter regulation was
the a factor pheromone receptor (Nakayama et al., 1985; identified by visual observation of microcolonies formed
Hagen et al., 1986), can switch back and forth between on a factor slabs. The parent HO ste3D strain was muta-
a HO ste3D and a HO ste3D. Since the a cells are unable genized and subsequently transferred to agar slabs con-
to mate, a/a diploids are not formed. taining a factor. Approximately 86,000 microcolonies
This HO ste3D strain was used as the parent in a were screened in total from 20 independent cultures.
screen for mutants altered in mother/daughter regula- We identified 61 four-shmoo microcolonies; of these, 33
tion (Figure 2). As noted above, this strain grows into a recovered from pheromone arrest and were rescreened
population containing both a and a cells. The a cells
individually by the microcolony assay. The majority of
respond to the pheromone a factor by arresting in G1
the isolates behaved identically to the wild-type parent
and exhibiting the characteristic ªshmooº morphology.
strain. Two isolates gave intermediate numbers of four-
The a cells in the population are unaffected by a factor
shmoo microcolonies and were not studied further. Oneand continue to bud and divide. Switching of an a cell
of the isolates gave a consistently high number of four-to a is scored as a change in the ability of a cell to
shmoo microcolonies (50±100) per 1000 microcoloniesrespond to a factor. After two cell divisions, a wild-type
and was designated mutant ash1-1 (Table 1, line 2).a daughter cell forms a microcolony containing two a
and two a cells (Figure 2). In the presence of a factor, the
Mutation in ASH1 Allows Daughter Cellsa cells arrest and shmoo, whereas the a cells continue to
to Switch Mating Typedivide, resulting in a large microcolony of budding and
Lineage studies (pedigree analyses) were performed toshmooing cells. In contrast, a mutant strain whose
determine whether the four-shmoo microcolony pheno-daughters have the ability to switch mating type can
type of the ash1-1 mutant was due to mating-typeyield a distinctive microcolony consisting of four a cells,
switching by daughter cells. Single cells were followedall of which arrest and shmoo in response topheromone,
yielding a four-shmoo microcolony (Figure 2). over multiple divisions in the presence of a factor to
Asymmetrically Localized Cell Fate Determinant
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Table 1. Switching Behavior of Strains Lacking or Overproducing ASH1 or Lacking URS2
Strain Switching Frequency (%)
Four-Shmoo
ash1-1 Mutant Microcoloniesa M D
HO ste3D (YAS131) 3 71 (64 of 90) ,1 (0 of 77)
HO ste3D ash1-1 (YAS132) 95 77 (86 of 111) 47 (46 of 97)
HO ste3D ash1-1 swi5D (YAS135) 4 ,1 (0 of 114) 1 (1 of 85)
HO ste3D ash1-1 swi5D/pSWI5 90 ND ND
HO ste3D/pSWI5 2 ND ND
ash1 Deletion S(2) D1(2)
ASH1 HO (YAS143) Sa 72 (73 of 102) ,1 (0 of 97)
ash1D HO (YAS144) 6 \ 95 (103 of 108) 94 (100 of 106)
S(2)a aD1(2)6 \ 6 \
ASH1 Overexpression M D
HO ste3D/2m vector (YAS131) 66 (73 of 111) ,1 (0 of 89)
HO ste3D/2m ASH1 (YAS131) 8 (9 of 110) ,1 (0 of 80)
HO URS2D M D
HO (IH1879) 70 (70 of 98) ,1 (0 of 88)
HO URS2D 71 (141 of 200) 30 (57 of 189)
In lines 6 and 7, S is the spore cell that begins a lineage, S(2) is the first mother cell derived from the spore, and D1(2) is the first daughter
of the S cell. In line 11, data from four different HO URS2D strains (YAS45-2A, YAS45-2B, YAS45-4C, and YAS65-6B) were pooled. M, mother;
D, daughter.
a The number of four-shmoo microcolonies per 1000 microcolonies (n 5 1000).
observe switches from a to a. Since mother cells are type by pedigree analysis in the ash1-1 swi5D double
mutant (Table 1, line 3).These observationsdemonstratelarger than their daughters and generally bud before
them, mother and daughter cells can be easily distin- that the daughter switching phenotype of ash1-1 mu-
tants was dependent on SWI5.guished (Hicks and Herskowitz, 1976). Pedigree analysis
of wild-type HO ste3D cells showed that 71% of mothers
switched mating type, whereas less than 1% of daugh- ash1-1 Daughter Cells Transcribe HO
Since the asymmetry of mating-type switching in wild-ters switched (Table 1, line 1). In contrast, the ash1-1
HO ste3D mutant exhibited 77% switching by mothers type cells is due to the asymmetric synthesis of HO
(Nasmyth, 1983), it was important to determine whetherand 47% switching by daughters (Table 1, line 2). Be-
cause theefficiency of mating-type switching in lineages ash1-1 daughters transcribe HO de novo rather than,
for example, inherit a stabilized HO protein. Early G1that originate from vegetatively growing wild-type cells
is lower than that observed in lineages that begin as daughters of the ash1-1 strain and its wild-type parent
were isolated by centrifugal elutriation at 48C and thenspore cells (A. S., unpublished data), we also examined
the efficiency of switching in ash1-1 lineages that begin allowed to progress through the cell cycle at 308C. Sam-
ples were taken every 15 min, and the percentage ofas spore cells. In these experiments, 84% (26 of 31) of
ash1-1 mothers and 76% (22 of 29) of ash1-1 daughters unbudded cells was calculated to ascertain progress
through the cell cycle (Figure 3A). Northern blot analysisswitched mating type. The ash1-1 mutation does not
allow spores to switch: none of 51 spores switched of RNA isolated from the same samples revealed that,
unlike wild-type daughters, ash1-1 daughters transcribemating type in the first division after germination.
Since mutations that bypass the need for Swi5p in HO (Figure 3B). Since wild-type mothers normally tran-
scribe HO in late G1, we marked late G1 in daughterHO transcription allow daughters to switch mating type
(Sternberg et al., 1987; Nasmyth et al., 1987b; Kruger, cells by following transcription of CLN2, which encodes
a G1 cyclin (Hadwiger et al., 1989). The timing of HO1991), we determined whether ash1-1 mutants exhibit
HO expression in the absence of SWI5. The SWI5 gene and CLN2 transcription was coincident, indicating that
daughter cells transcribed HO at the correct time in thewas deleted in the ash1-1 mutant, and the ability of this
strain to switch mating type was determined (Table 1, cell cycle. Differences in cell cycle progression between
the wild-type and mutant were due to variance in theline 3). Both the four-shmoo microcolony assay and ped-
igree analysis indicated that the phenotype of ash1-1 is elutriation procedure (see Experimental Procedures).
dependent on SWI5: the number of four-shmoo micro-
colonies in the ash1-1 swi5D double mutant was approx- ASH1 Encodes a Protein Related to the GATA
Family of Transcriptional Regulatorsimately equivalent to the number of four-shmoo micro-
colonies in the wild-type HO ste3D parent (Table 1, lines To clone the gene defective in the ash1-1 mutant, we
first determined that the ash1-1 mutation is recessive,1 and 3). Providing the ash1-1 swi5D strain with the
SWI5 gene on a plasmid restored the daughter switching as described in Experimental Procedures. Upon back-
crossing the ste3D::LEU2 HO ash1-1 strain to a STE3phenotype (Table 1, line 4). None of 114 mothers and
only one of 85 daughters was observed to switch mating HO strain in the same background, it became readily
Cell
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Figure 3. ash1-1 Daughters Transcribe HO
RNA
Early G1 daughters were isolated from ASH1
HO ste3D matD (YAS138) and ash1-1 HO
ste3D matD (YAS139) strains by centrifugal
elutriation at 48C. Cells were transferred to
308C medium and followed through the cell
cycle. Timepoints were taken every 15 min.
(A) The percentage of unbudded cells was
determined.
(B) RNA from the same samples in (A) was subjected to Northern blot analysis. The ªAº shown in bold corresponds to an RNA sample isolated
from an asynchronous population of the same cells. Each sample was probed for HO, CLN2, and TCM1 RNA. The latter is constant over the
cell cycle and served as a loading control (Schultz and Friesen, 1983).
apparent that ash1-1 was tightly linked to STE3: the asymmetrically to the daughter cell. For this purpose,
we have constructed a Myc epitope±tagged version (Ko-daughter switching phenotype cosegregated with leu-
cine prototrophy in 30 of 30 tetrads. Since STE3 is on lodziej and Young, 1991) of Ash1p which is carried in
single copy at the ASH1 locus. Asynchronous cultureschromosome XI, a sequenced chromosome (Dujon et
al., 1994), we tested candidate open reading frames of a ho strains exhibited Ash1p staining (detected by
indirect immunofluorescence with the 9E10 monoclonal(ORFs) in the vicinity of STE3 for complementation of
the four-shmoo microcolony phenotype. We amplified antibody [Kolodziej and Young, 1991]) in large-budded
and unbudded cells. Ash1p is predominantly present in11 candidate ORFs, each with at least 800 bp of flanking
sequence, from genomic DNA using the polymerase one of the two nuclei in large-budded cells that have
undergone nuclear division; two examples of such cellschain reaction (PCR)and cloned them into an integrating
vector. DNA encoding each ORF was integrated into are shown in Figure 5A. The stained nucleus appeared
to be the nucleus in the bud (the incipient daughter cell).the ash1-1 mutant at its own chromosomal locus, and
resulting strains wereassayed for the four-shmoo micro- Untagged cells, in contrast, did not show any nuclear
staining, although a slight cytoplasmic haze could becolony phenotype. DNA encoding ORF YKL185w com-
plemented both the four-shmoo microcolony phenotype observed (Figure 5A). Ash1p is also present in the nu-
cleus of 50%±60% of unbudded cells. Examples of bothof the ash1-1 mutant (see Experimental Procedures) and
a slight growth defect displayed by this mutant (data unbudded and large-budded cells with staining are
shown in Figure 5B. Localization of Ash1p to one of thenot shown). YKL185w has homology to the GATA family
(Orkin, 1992) of transcriptional regulators (Figure 4). two nuclei in large-budded a/a cells was also observed
(Figure 5B). Superimposed diamidophenylindole (DAPI;
blue) and rhodamine (red) images of cells are displayedAsh1p Localizes Asymmetrically to the Daughter
Nucleus after Anaphase in Figure 5C. Nuclei that contain Ash1p were pink, ow-
ing to superimposed DAPI and rhodamine (to detect theSince ASH1 is required to prevent HO transcription in
daughters, we determined whether Ash1p is localized 9E10 antibody) signals, whereas nuclei without Ash1p
staining were blue.
(figure 5 legend continued)
in the same focal plane. Both a large-budded cell (upper right) with
predominant staining in one nucleus and an unbudded cell (lower
left) with nuclear staining are visible. The bottom row shows Ash1p
staining, DAPI staining, and phase-contrast images for a group of
a/a YAS142 cells. Unbudded cells (at the top) with and without
nuclear staining and a large-budded cell with asymmetric staining
are visible.
(C) Superimposed DAPI (to detect DNA) and rhodamine (to detect
the Myc antibody) images were photographed in the same focal
plane. Nuclei that contain Ash1p were pink, owing to superimposed
blue (DAPI) and red (rhodamine) signals. Other nuclei were blue,
owing to the DAPI staining. The bottom row shows two unbudded
cells, one with Ash1p staining (on the left) and one without (on the
right). All cells are from strain YAS141.
Figure 4. Ash1p Has Similarity to the GATA Zinc Finger (D) a Factor was used to induce shmoo formation in YAS141 cells,
which were then released into YEPD in the absence of pheromone(A) The Ash1 protein sequence, as predicted by the Yeast Genome
Sequencing Project (Dujon et al., 1994). The putative zinc finger is and allowed to bud. The buds (incipient daughter cells) were round,
whereas the mother cells (M) were shmoo-shaped. Each row showsunderlined.
(B) Comparison of zinc finger regions from various GATA proteins. Ash1p staining, DAPI staining, and phase-contrast images for a
different mother/daughter pair.Residues identical to Ash1p are stippled. The amino acid sequence
numbers are shown. The SwissProt accession numbers for GLN3 (E) YAS140 cells carrying 2m ASH1±myc were grown to early log
phase, fixed, and processed for indirect immunofluorescence stain-(a yeast gene involved in nitrogen regulation), elt-1, and GATA-1
are P18494, P28515, and P15976, respectively. S. cerevisiae (S.c.), ing with 9E10 antibodies. Ash1p staining and DAPI staining in two
cells is shown.Caenorhabditis elegans (C.e.), and Homo sapiens (H.s.).
Asymmetrically Localized Cell Fate Determinant
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Figure 5. Ash1p Is Localized to the Daughter Nucleus in the Majority of Large-Budded Cells
Cells from a ASH1±myc (YAS141), a/a ASH1±myc (YAS142), and untagged (YAS140) strains were grown to early log phase, fixed, and processed
for indirect immunofluorescence staining with 9E10 antibodies, which recognize the Myc epitope.
(A) Two large-budded cells that have undergone nuclear division (one at the top right and one at the bottom) can been seen. Both show
Ash1p staining predominantly in one of the two nuclei, whose locations were determined by DAPI staining. The Ash1p and DAPI photographs
were taken in the same focal plane. The panel on the far right depicts an image of cells from the untagged strain (YAS140) photographed
and processed under the same conditions as the tagged strains.
(B) The top row shows Ash1p staining, DAPI staining, and phase-contrast images for the same (YAS141) cells. All images were photographed
(figure 5 legend continued on previous page)
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To determine definitively whether the nucleus con- Not all wild-type mother cells switch mating type;
these cells generally switch at a frequency of 60%±80%taining Ash1p is the daughter nucleus, we marked the
mother cells morphologically by arresting a cells with a (Strathern and Herskowitz, 1979). Since 27% of large-
budded cells show some Ash1p staining in the motherfactor and allowing them to shmoo in response to the
pheromone. After removal of a factor, the shmoo- nucleus as well as the daughter nucleus, it is possible
that these mother cells do not switch mating type be-shaped cells reentered the cell cycle synchronously.
Samples were taken every 10 min and examined for cause of Ash1p. If so, deletion of the ASH1 gene should
allow mother cells to switch at higher frequency. Weimmunofluorescence staining. Ash1p was first visible 50
min after release from pheromone arrest, coincident with compared switching in lineally equivalent mothers from
ASH1 and ash1D strains. Specifically, we examined thethe appearance of large-budded postanaphase cells
(data not shown). The cells in Figure 5D were present switching frequency of the S(2) mother, the first mother
arising from a spore cell (see diagram in Table 1, under60 min after release from arrest. Since all the mothers
were shmoo-shaped, but their counterpart daughter ash1 deletion). Of ASH1 S(2) mothers, 72% switched
mating type, in contrast with 95% of ash1D S(2) mothers.buds were round, mothers and daughters could be un-
ambiguously distinguished. Ash1p preferentially stained We conclude that ash1D mothers do switch more effi-
ciently than ASH1 mothers. This result indicates that,the nucleus in the round, budded cell after anaphase
(Figure 5D). Thus, Ash1p is localized predominantly to when present, Ash1p may be able to inhibit HO expres-
sion in mothers as well as daughters.the daughter nucleus.
In asynchronous populations, 73% of the large-bud-
ded cells that had undergone nucleardivision had visible Overexpression of ASH1 Inhibits Mating-Type
Ash1p in the daughter nucleus only (n 5 200). Of large- Switching in Mother Cells
budded cells, 15% showed Ash1p staining predomi- Because ash1D daughters switch mating type, it is clear
nantly in the daughter nucleus, with an intermediate that Ash1p is required to inhibit HO expression in daugh-
amount of staining in the mother nucleus. The remaining ter cells. We wished to know whether overexpression
12% of large-budded cells that had undergone ana- of the ASH1 gene would inhibit mating-type switching
phase displayed equivalent levels of Ash1p in both the in mother cells, presumably by entering the mother nu-
mother and daughter nuclei. Ash1p staining was not cleus and inhibiting HO expression. The HO ste3D strain
observed in the nucleus of cells undergoing mitosis. was thus transformed with 2m ASH1 or control plasmids,
Finally, we examined synchronous populations of cells and mating-type switching was compared. Of mothers
generated from a factor arrest as described above and carrying the control vector, 66% switched mating type,
from cdc15-2 arrest (Tebb et al., 1993) in search of a whereas only 8% of mothers carrying the 2m ASH1 plas-
transient population of large-budded cells with strong mid switched (Table 1, ASH1 overexpression). Since the
Ash1p staining in bothmother and daughter nuclei. Such 2m ASH1 plasmid inhibits mating-type switching in
a transient staining intermediate was not observed (data mother cells, we determined whether Ash1p was local-
not shown). Since even untagged strains display a low ized to mother nuclei when ASH1 was thus overex-
background level of cytoplasmic staining, we could not pressed. A 2m plasmid containing the Myc-tagged ASH1
determine whether the analogous cytoplasmic haze gene was used to localize Ash1p (Figure 5E). A signifi-
seen in tagged strains represented actual Ash1p stain- cant percentage (75%) of large-budded, postanaphase
ing. Preliminary immunoblot experiments, however, indi- cells showed intense staining in both mother and daugh-
cated that the Ash1 protein was present only at times ter nuclei (n 5 50). Cells carrying an untagged 2m ASH1
when nuclear localization was observed (data not plasmid showed no staining (data not shown).
shown).
An Intact HO Promoter Is Required
for Mother/Daughter RegulationDaughter Cells Switch As Efficiently As
Mother Cells in the ash1D Mutant Limiting the timing of HO transcription to late G1 might
play a role in mother/daughter regulation. As mentionedTo determine the phenotype of an ash1 null mutant, we
replaced the entire ASH1 ORF with the LEU2 gene. We earlier, Swi5p enters the nucleus just after anaphase,
but HO transcription is restricted to late G1 owing todeleted one copy of the ASH1 gene in an a/a HO/HO
diploid and sporulated this strain to obtain ash1D HO the URS2 segment of the HO promoter. Postponing HO
transcription from anaphase until late G1 might ensuresegregants. The ash1D strains, identified by leucine pro-
trophy, were viable. To study the effect of ash1D on that Ash1p, which localizes to daughter nuclei after nu-
clear division, can counteract Swi5p function in daugh-mating-type switching, we sporulated congenic a/a
HO/HO ash1D/ash1D and a/a HO/HO ASH1/ASH1 ter cells. We used an HO promoter lacking URS2 to shift
the transcription of HO to just after anaphase (Nasmyth,strains and subjected spores to pedigree analysis (Table
1, ash1 deletion). No daughter cells were observed to 1985; Nasmyth et al., 1990). Four different HO URS2D
strains were examined by pedigree analysis, and theswitch in ASH1 strains, whereas 94% of ash1D daugh-
ters switched mating type. Deletion of the ASH1 gene results were pooled (Table 1, HO URS2D). Mothers
switched at 71% and daughters switched at 30% inclearly allowed daughters to switch mating type as effi-
ciently as mothers, which switched at a frequency of these strains. None of 58 spores was observed to switch
in the first division following germination. These results95% in the ash1D strain (see below). ash1D spores did
not switch mating type: none of 105 spores switched in indicate that URS2 is required for proper mother/daugh-
ter regulation.the first division after germination.
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the majority of mother cells to adopt the daughter cell
fate. Thus, ASH1 is necessary and sufficient for de-
termining cell fate.
Swi5p, which is required for mother cells to express
HO and switch mating type, plays an opposing role to
Ash1p (Figure 6). In the absence of Swi5p, mother cells
adopt the daughter cell fate (nonswitching) (Stern et al.,
1984). Overexpression of SWI5 or stabilization of Swi5p
allows daughter cells to transcribe HO and switch mat-
ing type (Lydall et al., 1991; Nasmyth et al., 1987a; Tebb
et al., 1993). The ability of ash1 mutant daughters to
switch mating type is dependent on SWI5, indicating
that swi5 is epistatic to ash1. These data suggest that,
in daughter cells, ASH1 acts upstream of SWI5 to inhibit
HO expression. The patterns of regulation by ASH1 and
SWI5 are analogous in several respects tocell fate deter-
mination by numb and tramtrack (ttk) in the developing
Drosophila nervous system (Rhyu et al., 1994; Guo et
al., 1995; Knoblich et al., 1995). As with ASH1 and SWI5,
loss of function of numb or ttk causes opposite transfor-
mations of cell fate determination. Ectopic expression
Figure 6. ASH1 and SWI5 Have Reciprocal Effects on Cell Fate
of numb or ttk also has reciprocal effects on cell fate.
Five types of lineage are shown, each starting with a predivisional Finally, ttk is epistatic to numb. Genetic and immunocy-
large-budded cell that divides to give rise to a mother (M) and a
tochemical analyses indicate that numb is required indaughter (D). Cells that transcribe HO are black.
neuronal cells to inhibit ttk expression so that these cells
do not become support cells. Similarly, Ash1p appears
To verify the properties of the HO URS2D strain, we to antagonize Swi5p function in daughter cells, render-
examined its dependence on SWI5 and SWI4. Transcrip- ing them unable to switch mating type.
tion from theHO URS2D promoter is knownto be depen- Although ash1 is not the only mutation that allows
dent on Swi5p but independent of Swi4p±Swi6p (Nas- switching in daughter cells, ASH1 plays a distinctive role
myth, 1987; Breeden and Nasmyth, 1987). We confirmed in cell fate determination. Mutations in the genes SIN1
that our HO URS2D strains are regulated by SWI4 and or SIN3 also permit daughter cells toswitch mating type,
SWI5 in the expected manner (data not shown). but in addition allow spore cells to switch (Sternberg et
al., 1987; Nasmyth et al., 1987b; Kruger, 1991). sin1 and
Discussion sin3 mutations bypass the need for SWI5 in both moth-
ers and daughters (Nasmyth et al., 1987b; Sternberg
S. cerevisiae mother and daughter cells exhibit a striking et al., 1987). In contrast, switching in ash1 mutants is
difference in cell fate: mother cells are able to transcribe dependent on SWI5, indicating that Swi5p is able to
the HO gene and switch mating type, whereas daughter function in daughter cells only in the absence of Ash1p.
cells are not. We have identified a gene, ASH1, that is Thus, Ash1p is a unique lineage determinant.
required to prevent daughter cells from transcribing HO
and switching mating type. ASH1 has been indepen- Distribution or Perdurance of Ash1p May
dently identified as a regulator of HO by a strategy com- Be Responsible for Other Aspects
pletely different from ours (Bobola et al., 1996 [this issue of the Mitotic Cell Lineage
of Cell]). We have shown that daughter cells that lack Our observations indicate that Ash1p affects not only
ASH1 are able to switch mating type at high efficiency. all daughter cells, but some mother cells as well. The
Furthermore, overexpression of ASH1 inhibits mating- first indication that Ash1p might play a role in mother
type switching in mother cells. Ash1p is asymmetrically cells came from immunofluorescence experiments,
localized to the incipient daughter nucleus in large-bud- which revealed that approximately 27% of mothers con-
ded cells that have undergone nuclear division. These tain an Ash1p signal that is comparable with that in the
observations indicate that Ash1p functions in daughter daughter cell. This Ash1p could arise from perdurance
cells to inhibit HO transcription. of Ash1p (i.e., failure of the daughter predecessor to
degrade Ash1p) or failure of a predivisional (large-bud-
Ash1p Is a Key Determinant of a Stem Cell Lineage ded) cell to distribute all Ash1p to the daughter cell. The
S. cerevisiae daughter cells divide to yield a differenti- observation that deletion of ASH1 allows mother cells
ated mother cell, which can switch mating type, and a to switch at increased frequency provides evidence that
pluripotent daughter cell, which cannot. Thus, the mi- Ash1p can affect switching in mother cells (Table 1, ash1
totic yeast lineage can be viewed as a stem cell lineage. deletion).
We have shown that Ash1p is required to maintain this With the exception of the S(2) cell (see diagram in
lineage pattern; in its absence, daughter cells adopt Table 1, under ash1 deletion), all mother cells are derived
the mother cell fate (Figure 6). Overexpression of ASH1 from daughter cells. Examination of Ash1p localization
inhibits mating-type switching in mother cells, indicating in synchronous populations revealed that Ash1p is pres-
ent in unbudded daughter cells, but is not visible oncethat ectopic expression of ASH1 is sufficient to induce
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cells have undergone bud emergence (data not shown). Possible Mechanisms of Ash1p Function
Ash1p is related to the family of transcriptional regula-Thus, Ash1p is present predominantly in daughter cells
during G1, the proper time in the cell cycle to inhibit HO tors known as GATA factors, which were first identified
as regulators of hematopoietic lineages in mammalstranscription. After this point, we presume that Ash1p
is degraded, allowing the daughter cell to acquire com- (Orkin, 1992). These proteins share a zinc finger consen-
sus and are known to function as both activators andpetence to transcribe HO when it becomes a mother cell.
Inappropriate perdurance of Ash1p might be partially repressors of transcription. Of the five previously identi-
fied fungal GATA proteins, at least two, Dal80p andresponsible for the failure of wild-type mother cells to
switch mating type at 100% efficiency. urbs1p (Cunningham and Cooper, 1991; Voisard et al.,
1993), are negative regulators of transcription. SeveralStrathern and Herskowitz (1979) reported that mother
cells of different generations switch at different frequen- GATA factors have been implicated in development of
multicellular eukaryotes; for example, the Drosophilacies; we propose that Ash1p may also be responsible
for these differences. In particular, wild-type S(2) cells GATA factor Pannier inhibits expression of the basic
helix-loop-helix proteins Achaete and Scute in a tissue-(see diagram in Table 1, under ash1 deletion) switch at
higher frequency than mother cells later in the mitotic specific manner (Ramain et al., 1993).
In principle, Ash1p might inhibit HO expression bylineage. In contrast with later mother cells, the S(2) cell
is derived from a spore cell. Unlike daughters, spores binding to HO promoter DNA, to Swi5p, or to another
regulatory protein. GATA factors are known to bind thedo not require Ash1p to inhibit HO transcription and
may not contain Ash1p. S(2) cells thus may be the only sequence GATA, among others. GATA sites in the vicin-
ity of the two Swi5p-binding sites in the HO promotermother cells unable to inherit residual Ash1p from their
precursor cell. Hence, the S(2) cells may constitute a could beAsh1p-binding sites. Ash1p could exploit these
sites to compete with Swi5p for access to the HO pro-specialized cell type primed to switch mating type after
spore cell germinationand division. Even S(2)cells, how- moter. Alternatively, Ash1p might bind directly to Swi5p
and sequester it from the HO promoter. A domain inever, do not switch mating type at 100% efficiency,
again owing to Ash1p (Table 1, ash1 deletion). Failure Swi5p that governs its stability (Tebb et al., 1993) might
be a binding site for Ash1p, since deletions of this do-of the S(2) cell to switch may result from inability of the
S cell to localize all of the Ash1p to D1(2) (see diagram main allow daughter cells to switch mating type.
in Table 1, under ash1 deletion).
The high efficiency of switching by ash1D mutants
Asymmetric Inhibition of HO Expressionprovides a measure of the preferential switching to the
May Depend on Temporalopposite mating-type cassette, i.e., the directionality of
and Spatial Informationmating-type interconversion (Strathern and Herskowitz,
Although the URS1 region of the HO promoter confers1979). The ability of ash1D S(2) a cells to switch mating
regulation by Swi5p and is necessary for mother/daugh-type to a at 95% efficiency indicates that the fidelity of
ter regulation (Nasmyth, 1987), we have observed thatdirectional switching is exquisitely high.
the URS2 region is also required for mother/daughter
regulation. HO URS2D cells, which transcribe HO shortly
after anaphase rather than in late G1, exhibit a substan-Mechanisms for Generating Ash1p Asymmetry
Ash1p is present predominantly in thedaughter nucleus. tial loss of cell fate asymmetry (Table 1, HO URS2D).
Our data differ from those reported previously (Nasmyth,How is this asymmetry generated? In principle, Ash1p
or ASH1 RNA might besynthesized in a predivisional cell 1987). We have therefore confirmed that our HO URS2D
strain exhibits proper regulation by SWI5 and SWI4.and distributed preferentially into the bud. Preliminary
immunoblot data from synchronous samples indicate The phenotype of HO URS2D strains is similar to that
of ash1 mutants in two key ways. First, neither HOthat Ash1p is present in cells only at the same times in
the cell cycle when it is localized (A. S., unpublished URS2D nor ash1 spores are able to switch mating type.
Furthermore, mating-type switching in these mutantdata). It is thus unlikely that Ash1p is synthesized early
in the cell cycle and then distributed to the bud. Another daughter cells is dependent on SWI5. Thus, the basis
by which HO URS2D daughters switch mating type maypossibility is that synthesis of ASH1 RNA or protein is
limited to the bud. For example, ASH1 transcription be the same as for ash1 mutants, i.e., bypassing inhibi-
tion of HO by ASH1. Deletion of URS2 might allowmight be confined to the incipient daughter nucleus in
large-budded cells that have undergone nuclear divi- daughters to switch mating type for several reasons.
We cannot exclude the possibility that URS2 containssion. A similar situation is found in the predivisional
Caulobacter cell, in which the flgK gene appears to be a subset of binding sites for Ash1p and that their removal
allows switching in some, but not all, daughter cells. We,differentially transcribed in one of two nucleoids in the
predivisional cell (Gober et al., 1991). If ASH1 is tran- however, favor the explanation that the altered timing
of HO transcription displayed by HO URS2D strains isscribed only in the incipient daughter nucleus, Ash1p
must then be restricted to the daughter cell in some responsible for their loss of mother/daughter regulation.
HO is transcribed shortly after Swi5p enters the nucleusmanner. These models suggest that there exists a sec-
ond factor other than Ash1p that confers asymmetric in these strains (Nasmyth, 1985; Nasmyth et al., 1990).
We suggest that Swi5p activates transcription of HO inproperties to the two nuclei in the predivisional yeast
cell. In any event, the asymmetric localization of Ash1p daughter cells of HO URS2D mutants before Ash1p can
block Swi5p function. Thus, in wild-type strains, re-is likely to reflect an intrinsic difference between mother
cells and their buds. stricting HO transcription to late G1 might provide Ash1p
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Strains and Plasmidswith a window of opportunity to inhibit HO expression
Strains are described in Table 2. YAS131±YAS139 and YAS144 arein daughter cells. We propose that a temporal signal
derivatives of IH1879 (Hicks and Herskowitz, 1976). YAS140±imposed by URS2 and a spatial signal due to Ash1p are
YAS142 are derivatives of K699 (a W303 strain obtained from Kim
integrated to repress the HO promoter in daughter cells. Nasmyth of the Institute of Molecular Pathology, Vienna). YAS45-
2A, YAS45-2B, YAS45-4C, and YAS65-6B are derivatives of IH1879
and IH1997. IH1997 was obtained from Kim Nasmyth and containsAsh1p Might Regulate Genes Other than HO
the HO URS2D allele designated 229.102, which is missing nucleo-Ash1p function may not be limited to regulating HO
tides 2145 to 2901 of the HO promoter (Nasmyth, 1985). Thetranscription. This possibility is suggested by the obser-
ste3D::LEU2 strains were constructed by one-step gene replace-vation that Ash1p is localized asymmetrically to what
ment (Rothstein, 1991) using plasmid pSL376 (Hagen et al., 1986)
we presume is the daughter nucleus in a/a diploids. and confirmed by colony PCR. The swi5D::HISG strains were con-
Since HO is repressed in a/a diploid cells by a1±a2 structed by one-step gene replacement using plasmid M596, ob-
tained from David Stillman (University of Utah), and confirmed by(Jensen et al., 1983), Ash1p is not required to inhibit
Southern blotting. The matD::URA3 strains were constructed byHO in a/a daughter cells. Ash1p may be fortuitously
one-step gene replacement using pKSW37 obtained from the labo-localized in these cells owing to the nature of the mecha-
ratory of James Broach (Princeton University).nism that generates its asymmetry, or Ash1p could have
Deletion of ASH1. The ash1D construct replaced the entire ASH1
daughter-specific targets (other than HO) that are not coding sequence with the LEU2 gene. A DNA fragment containing
limited to haploid cells. The original ash1-1 mutant ex- ASH1 and several hundred base pairs of 59 and 39 flanking DNA
was cloned into the vector Bluescript (Stratagene). A portion ofhibited a modest growth defect; in addition, overexpres-
this plasmid was amplified by PCR using divergent primers thatsion of ASH1 also caused slight growth inhibition
hybridized just upstream of the ASH1 start codon and just down-(A. S., unpublished data). These data are consistent with
stream of the stop codon. The resulting linear fragment was cleavedregulation of target genes other than HO by Ash1p.
at a restriction site introduced by the primers and circularized, yield-
Mothers and daughters display several asymmetries ing a plasmid that contained the ASH1 flanking regions separated
in addition to HO expression that might be regulated by by this restriction site. The LEU2 gene was then introduced into this
site to form pAS171. The resulting disruption fragment was excisedAsh1p. Such processes include segregation of autono-
from pAS171 with SacI and XhoI and used to replace the chromo-mously replicating sequence (ARS) plasmids (Murray
somal ASH1 gene by one-step gene replacement (Rothstein, 1991).and Szostak, 1983) and the budding pattern of a/a dip-
The presence of the ash1 deletion was confirmed by colony PCR.loids (Chant and Herskowitz, 1991; Chant and Pringle,
ASH1±myc construction. A unique BamHI site was introduced
1995). Whether these proceses are regulated by ASH1 into pAS151-A (see below) just downstream of the ASH1 start codon
remains to be determined. using PCR, resulting in pAS151-B. Expand long template polymer-
ase obtained from Boehringer±Mannheim was used for the PCR.
Plasmid pKK-1 encoding a multimerized epitope (Glu-Gln-Lys-Leu-Asymmetric Cell Division and Cell Fate
Ile-Ser-Glu-Glu-Asp-Leu-Asn) from the myc oncogene (KolodziejOne genetic criterion for a determinant of asymmetric
and Young, 1991) was obtained from Daniel Kornitzer and Stevecell fate is that underproduction and overproduction of
Kron (Massachusetts Institute of Technology). Sequence encoding
the product lead to opposite fates (Horvitzand Herskow- three copies of this epitope was excised from pKK-1 with BamHI
itz, 1992). This requirement is satisfied for the cell fate and introduced in the appropriate orientation into the BamHI site
decisions controlled by the Numb and TTK proteins of of pAS151-B, resulting in pAS158. pAS158 was linearized with NheI
and used to replace the chromosomal ASH1 gene by two-step geneDrosophila (Guo et al., 1995; Knoblich et al., 1995; Rhyu
replacement (Rothstein, 1991). When pAS158 was linearized andet al., 1994) and by the SpoIIE protein of Bacillus subtilis
integrated into YAS132 at the ASH1 locus, it complemented the(Duncan et al., 1995; Arigoni et al., 1995; R. Losick,
four-shmoo microcolony phenotype of the parent strain.
personal communication). Although both SWI5 and Plasmids. pSWI5 (Table 1, lines 4 and 5) is plasmid BD19 (Stern,
ASH1 satisfy this criterion, Swi5p is not asymmetrically 1985), which contains the SWI5 gene in YCp50. pAS151-A results
localized, whereas Ash1p is. In the case of the Drosoph- from insertion of a PCR product (see below) encoding the ASH1
ORF (YKL185w) into integrating vector pRS306 (Sikorski and Hieter,ila Numb protein, its localization to one of two ganglion
1989). pAS152 is the analogous plasmid encoding YKL183w. 2mmother cells results from asymmetric localization in the
ASH1 (pAS174) consists of ASH1 and several hundred base pairspredivisional neuroblast cell (Rhyu et al., 1994). This
of 59 and 39 flanking DNA from pAS151-A inserted into pRS426
asymmetry may originate from preexisting asymmetry (Sikorski and Hieter, 1989). The 2m ASH1±myc plasmid (pAS175) is
in the neuroblast; the basis of such asymmetry is yet identical to pAS174 with the exception of sequence encoding the
to be determined (Knoblich et al., 1995). Similarly, the triple Myc epitope, which is inserted just downstream of the start
asymmetric cells generated in B. subtilis sporulation are codon of ASH1.
produced by positioning of a septum at a polar position
Mutant Isolationin the predivisional cell. Although we do not yet know the
Early log phase HO ste3D cells of YAS131 were mutagenized withbasis for asymmetric localization of Ash1p to daughter
2% ethylmethanesulfonate (EMS) to 5%±15% survival, split intocells, it is expected that its localization ultimately can
pools, and grown for 24±36 hr to bias against dying cells. These
be traced to the inherent asymmetry of the cell division cells were then transferred to yeast extract±peptone±dextrose
process of budding yeast. The Numb, SpoIIE, and Ash1 (YEPD) agar slabs containing a factor. After approximately 10±12 hr,
proteins provide a link between asymmetric cell division 4-cell microcolonies containing four shmoos were identified. These
microcolonies were moved with a dissecting needle to a fresh agarand cell fate decisions.
slab lacking a factor and allowed to recover from pheromone arrest.
Each mutant isolate was grown to early log phase and retestedExperimental Procedures
in the microcolony assay. Of 86,000 microcolonies screened, one
mutant, ash1-1, was obtained (see Results).Genetic and Molecular Biological Methods
DNA manipulations were performed as described in Sambrook et
Cloning of ASH1al. (1989). Yeast genetic methods were as described in Rose et al.
(1990). Dominance/recessivity test. Since the HO gene is repressed in a/a
Cell
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Table 2. Strain List
Strain Name Relevant Genotype
YAS131 a and a HO ste3D::LEU2
YAS132 a and a HO ste3D::LEU2 ash1-1
YAS135 a and a HO ste3DLEU2 ash1-1 swi5D::hisG
YAS138 matD::URA3 ASH1 HO ste3D::LEU2
YAS139 matD::URA3 ash1-1 HO ste3D::LEU2
YAS140 a ho ASH1
YAS141 a ho ASH1±myc
YAS142 a/a ho/ho ASH1±myc/ASH1
IH1879 a/a HO/HO
YAS144 a/a HO/HO ash1D::LEU2/ash1D::LEU2
YAS45-2A a/a HO URS2D
YAS45-2B a/a HO URS2D
YAS45-4C a/a HO URS2D
YAS65-6B a/a HO URS2D
IH1997 a HO URS2D hmla
YAS46-17B a and a HO URS2D swi4D
YAS62-2C a HO URS2D swi5D
Strains YAS140 and IH1997 were obtained from Kim Nasmyth. IH1879 is attributable to Hicks and Herskowitz (1976). All other strains are from
the present study.
diploids, we constructed a matD/MATa ash1-1/ASH1 ste3D/ste3D Mating-Type Switching Assays
Four-shmoo microcolony assay. Cells were grown to early log phaseHO/HO diploid to test whether ash1-1 is dominant or recessive. We
first transformed Y132 (HO ste3D ash1-1) with a pGAL-STE3 plasmid in YEPD, sonicated, and transferred to 4% agar YEPD slabs con-
taining 25 mg/ml a factor. These slabs were incubated at 308C for(obtained from the laboratory of George Sprague, University of Ore-
gon). The transformed cells were mated with Y138 (matD ASH1 10±14 hr, and the resultant microcolonies were examined under
2503 magnification. The number of four-shmoo microcolonies perHO ste3D) in the presence of galactose. Zygotes were isolated by
1000 microcolonies was counted.micromanipulation, grown to early log phase, and assayed by pedi-
Pedigree analysis. The starting cells for lineage studies were usu-gree analysis. We observed 70% of mothers (94 of 134) and 3% of
ally spore cells. a/a diploids were sporulated, and the resultantdaughters (4 of 122) to switch mating type. Since the ash1-1 muta-
tetrads were dissected using conventional protocols. Each tetradtion was complemented by ASH1 in these strains, we concluded
was dissected in close proximity to a wall of a cells that producedthat ash1-1 was recessive.
a factor for the duration of the experiment. Mothers and daughtersCloning ASH1. Genetic analysis indicated that theash1-1 mutation
could be distinguished on the basis of size. A switch from a to awas within approximately 2 cM of the STE3 gene (see Results),
was scored as the acquired ability to respond morphologically to awhich is ona sequenced chromosome (Dujon et al., 1994). To identify
factor. When the starting cells for pedigrees were vegetative cells,the ASH1 gene, we used PCR to amplify candidate genes in the
as for the ste3D strains, cells were grown to early log phase in YEPD,vicinity of STE3 using genomic DNA from IH1879 as template. We
sonicated, and placed proximal to a wall of a cells. In the case ofamplified DNA corresponding to 11 individual ORFs, each with at
the 2m ASH1 experiments, early log phase cells were grown underleast 500 bp of 59 sequence and 300 bp of 39 sequence. DNA encod-
selection for the auxotrophic marker on the plasmid. These cellsing each ORF was amplified three independent times using Expand
were then sonicated and placed on 4% agar YEPD slabs for thelong template polymerase (Boehringer±Mannheim). The resulting
remainder of the experiment.linear fragment was cleaved at a restriction site introduced by the
primers and cloned into the integrating vector pRS306 (Sikorski and
Hieter, 1989). Each of the resulting 33 clones was linearized at a Northern Blot Analysis
unique site and integrated at the corresponding genomic locus in RNA preparation and sample analysis was performed as described
previously (Cross and Tinkelenberg, 1991). The HO ste3D ash1-1the ash1-1 mutant strain (YAS132). All of the clones except for one
and HO ste3D ASH1 strains give rise to a/a cells at a low frequencyset of three were also integrated at the URA3 locus in YAS132. The
(A. S., unpublished data). To avoid any such diploidization, we de-four-shmoo microcolony assay was performed on between one and
leted the MAT loci in the ste3D HO ash1-1 and ASH1 strains; oncefour transformants from each of the resulting strains. Only the gene
the MAT locus is deleted, the cells can no longer switch matingencoding ORF YKL185w (Dujon et al., 1994) complemented the
type and are stably haploid. The probes used were all gel-purifiedash1-1 mutantphenotype. The number of four-shmoo microcolonies
DNA restriction fragments labeled by random-prime labeling usingper 1000 microcolonies (n 5 1000) was as follows: YAS131, 2;
a Prime-it kit (Stratagene). The fragments used were as follows:YAS132/integrated vector, 110; YAS132/integrated YKL185w, 3;
HO, a 2.1 kb HindIII±EcoRV fragment that spans the entire codingYAS132/integrated YKL183w, 122. These data show that the DNA
sequence; CLN2, a 0.9 kb XhoI±HindIII fragment containing codingencoding YKL185w (from pAS151-A) does complement the ash1-1
sequence for amino acids 86±378 (Hadwiger and Reed, 1990); TCM1defect, whereas the DNA encoding YKL183w (from pAS152)
(Schultz and Friesen, 1983), a 0.8 kb HpaI±SalI fragment fromdoes not.
pAB309D.
Immunofluorescence
ASH1 Sequence Confirmation The protocol used was essentially that described by Pringle et al.
The ASH1 gene was sequenced as part of the Yeast Genome Project (1991). Cells were grown to early or mid-log phase and fixed with
(Dujon et al., 1994). The majority of the gene (corresponding to all formaldehyde for 1±3 hr. The cells were washed with phosphate
but the first 109 amino acids and the last 25 amino acids) has been buffer and then spheroplasted. Cells were applied to polylysine-
sequenced independently by M. E. Cusick (GenBank accession coated slides and treated with methanol and acetone. The 9E10
number M88605); this latter sequence is identical to that of the Yeast antibody (Kolodziej and Young, 1991) was provided by Joachim Li
Genome Project. We have confirmed that the sequences encoding (University of California, San Francisco) and was used at a 1:200
dilution. The secondary antibody was a rhodamine-conjugated goatthe first 15 amino acids and the last 16 amino acids are correct.
Asymmetrically Localized Cell Fate Determinant
721
anti-mouse antibody from Jackson Immunoresearch, which was References
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